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Abstract
Corridors are frequently proposed to connect patches of habitat that have
become isolated due to human-mediated alterations to the landscape. While it is
understood that corridors can facilitate dispersal between patches, it remains
unknown whether corridors can mitigate the negative genetic effects for entire
communities modified by habitat fragmentation. These negative genetic effects,
which include reduced genetic diversity, limit the potential for populations to
respond to selective agents such as disease epidemics and global climate change.
We provide clear evidence from a forward-time, agent-based model (ABM) that
corridors can facilitate genetic resilience in fragmented habitats across a broad
range of species dispersal abilities and population sizes. Our results demonstrate
that even modest increases in corridor width decreased the genetic differentiation
between patches and increased the genetic diversity and effective population size
within patches. Furthermore, we document a trade-off between corridor quality
and corridor design whereby populations connected by high-quality habitat (i.e.,
low corridor mortality) are more resilient to suboptimal corridor design (e.g.,
long and narrow corridors). The ABM also revealed that species interactions can
play a greater role than corridor design in shaping the genetic responses of popu-
lations to corridors. These results demonstrate how corridors can provide long-
term conservation benefits that extend beyond targeted taxa and scale up to
entire communities irrespective of species dispersal abilities or population sizes.
Introduction
Agriculture and urbanization currently account for 43% of
the earth’s land area (Vitousek et al. 1997; Foley et al.
2011; Barnosky et al. 2012), and much of the remaining
area is interlaced with networks of roads (Barnosky et al.
2012). These substantial disturbances to natural ecosystems
and communities are projected to continue (Haberl et al.
2007; Foley et al. 2011) and have created a conspicuous
mosaic of habitat patches embedded within a matrix of
altered landscapes. This habitat fragmentation subdivides
populations and can profoundly alter both ecological and
evolutionary dynamics at population, species, and commu-
nity-wide levels (Hanski 1994, 1999; Tewksbury et al.
2002). One approach to preventing or restoring subdivided
populations is to connect fragmented habitat patches with
corridors (Beier and Noss 1998; Brudvig et al. 2009; Gil-
bert-Norton et al. 2010). Such corridors have been well
studied from an ecological perspective (Gilbert-Norton
et al. 2010), but little work has examined the genetic effects
of corridors that connect habitat patches. The evaluation of
evolutionary forces such as genetic drift and gene flow is
critical for determining the long-term effects of habitat
fragmentation; any resulting genetic changes will affect
how populations respond to current and future agents of
selection such as increased disease risk, invasive species,
and global climate change (Stockwell et al. 2003; Hughes
and Boomsma 2004; Spielman et al. 2004; Doi et al. 2010;
Pauls et al. 2013).
Both the optimal design and the realized benefits of
corridors have been the focus of considerable debate
(Mann and Plummer 1995; Haddad and Tewksbury 2005;
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Gilbert-Norton et al. 2010; Beier and Gregory 2012).
Determining the effectiveness of corridors can be contro-
versial because the detection of positive or negative effects
is subject to the response variables being measured, the spe-
cific ecological context, and the individual species being
studied (Haddad and Tewksbury 2005; Gregory and Beier
2014). In general, however, ecological studies have found
that corridors can facilitate movement between patches
and can increase species richness and abundance (Brudvig
et al. 2009; Gilbert-Norton et al. 2010). It has also been
shown that corridor design, which can vary substantially
between locations, can influence dispersal behavior, migra-
tion rates, and community composition (Harrison 1992;
Lindenmayer and Nix 1993; Andreassen et al. 1996; Had-
dad 1999; Damschen et al. 2008). It is therefore likely that
corridors and their design will also have a substantial effect
on the genetics of populations. Furthermore, it is well
known that habitat fragmentation can result in increased
genetic drift and/or inbreeding, which can reduce effective
population sizes and genetic diversity (Alo and Turner
2005; Aguilar et al. 2008; Mendez et al. 2014). Whether
corridors can reduce these negative genetic effects remains
largely untested. Limited empirical data have shown that,
for some species, corridors can increase gene flow between
patches (Mech and Hallett 2001; Sharma et al. 2013). How-
ever, it can be challenging to discriminate between low and
moderate amounts of gene flow, particularly in subdivided
populations (Waples 1998). Thus, there is a growing need
not only to understand whether corridors can mitigate the
negative genetic effects of habitat fragmentation, but also
to gain a mechanistic understanding toward corridor
design and the resulting eco-evolutionary dynamics.
Beyond the spatial design of corridors, one factor that
may regulate connectivity between fragmented habitats is
corridor quality (Haddad and Tewksbury 2005). If corridor
quality is low, then some species may not successfully dis-
perse between patches due to behavioral inhibition or
increased mortality in corridors. Species interactions may
also play an important role in determining corridor quality
as succession, priority effects, and community assemblage
theory may dictate which species persist in a corridor. Fur-
thermore, it has been shown that species interactions can
influence dispersal distances and population sizes (Tilman
and Kareiva 1997; McPeek and Peckarsky 1998; Fagan et al.
1999; Boulangeat et al. 2012; Ruokolainen and Ripa 2012;
Urban et al. 2013), which could result in downstream
genetic effects within a patch–corridor framework. Because
species interactions can range from strongly negative to
strongly positive and can vary depending on the focal spe-
cies, a comprehensive understanding of species interactions
may assist corridor implementation. Yet, to our knowledge,
there are no studies that have examined the genetic effects
of corridors from a community-level perspective. Instead, a
large percentage of corridors are targeted toward single spe-
cies, even though the focal species may be best served by a
patch–corridor environment that accounts for the evolu-
tionary and conservation potential of the entire community
(Haddad et al. 2003).
To test for the genetic effects of habitat fragmentation
with corridors, we constructed a forward-time, agent-based
model that tracks individuals and their associated geno-
types through space and time. Here, we model a patch–cor-
ridor system that consists of patches of naturally occurring
or restored habitat that are connected by comparatively
thin strips of habitat (i.e., corridors). We constructed habi-
tat patches connected by corridors where we could vary the
size of the patches and the length and width of the corri-
dors (Fig. 1A). The results from this model are generally
applicable to any system where habitat patches are embed-
ded in a matrix with different habitat characteristics (e.g.,
decreased survival) and where the patches can be connected
with corridors. We created four species groups character-
ized by differing population sizes and dispersal distances
(Fig. 1B), two ecological characteristics that can translate
to differing amounts of genetic drift and gene flow (Hed-
rick 2005; Allendorf et al. 2013). The parameters character-
izing the species groups were chosen to encompass a
variety of taxa such that the qualitative results remain
unchanged regardless of actual population sizes or dispersal
distances that were examined. We first examined how cor-
ridor width and corridor length affect the genetic diversity,
genetic differentiation, and effective population sizes of
individuals occupying habitat patches. Both genetic diver-
sity and genetic differentiation are important response vari-
ables because genetic diversity can determine the future
potential of a population to respond to a changing environ-
ment (Allendorf et al. 2013), and genetic differentiation is
dictated by the amount of genetic drift within and gene
(A) (B)
Figure 1 Illustration of model design and species groups. Panel A illus-
trates the basic design where each patch was connected by two corri-
dors. We varied corridor length and corridor width to examine the
effects of different corridor–habitat configurations. Panel B illustrates
the four species groups we modeled and their corresponding symbols,
population sizes, and dispersal abilities (see Materials and methods for
details).
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flow between habitat patches (Frankham et al. 2002). We
also examined the effects of corridor quality by varying the
rates of mortality within the corridors. Lastly, we identified
how both positive and negative species interactions can
affect both genetic diversity and genetic differentiation. We
conclude by identifying general properties of patch–corri-
dor systems that can influence the genetic resilience of
entire communities irrespective of species dispersal abilities
or population sizes.
Materials and methods
Model development
To test for the genetic effects of different habitat corridors,
we developed a forward-time, agent-based model that
tracked individuals and their associated genotypes through
space and time. The default model setup consisted of four
patches connected by four habitat corridors embedded in a
matrix (Fig. 1A). Population size was varied between small
(n = 500) and large (n = 1000) and represented the total
carrying capacity across all four patches. We chose these
population sizes because they reflected a balance between
being small enough to remain important from a conserva-
tion perspective, but large enough to avoid immediate
extinction. We further varied population sizes beyond these
two values with little change to qualitative patterns (see
Model sensitivity). Carrying capacity in the corridors was
proportional to the total corridor area, and corridor popu-
lation density was set equal to patch density. Each model
run was initiated with the placement of habitat patches and
corridors in a Cartesian plane. Equal numbers of individu-
als were distributed randomly throughout each patch, and
each individual was characterized by 50 bi-allelic loci with
a minor allele frequency of 0.2. Diploid genotypes were cre-
ated for each individual in accordance with Hardy–Wein-
berg equilibrium. At the beginning of each trial, allele
frequencies were equal between patches (i.e., FST = 0) to
simulate the fragmentation of a single population. Repro-
duction was asexual, with each individual producing 20
propagules. Sexual reproduction was not modeled because
the mechanism depends upon behavior (i.e., asexual repro-
duction is useful as a null model) (Martins et al. 2013).
There are a couple of reasons why modeling asexual repro-
duction is useful as null model. First, when including sex-
ual reproduction, one must choose a maximum allowable
distance between two individuals to let them reproduce.
This distance is somewhat arbitrary and, more importantly,
would constrain individuals from dispersing successfully
(i.e., if a solitary individual dispersed down a corridor, but
could not find a mate, then it would be removed in the
next generation). Secondly, in patches with small or declin-
ing population sizes, individuals may not be able to find
mates and the patch could become extinct more quickly.
Because we varied both dispersal and population sizes
directly, adding reproduction to the model would not yield
additional insights (see Discussion for details regarding the
effects of behavior).
Dispersal was modeled as a multivariate normal distribu-
tion with mean displacement equals to zero. Thus, dispersal
was passive and unbiased with respect to direction. Species
dispersed both ‘far’ and ‘short’ distances, where ‘short’ was
modeled with a covariance matrix that resulted in 70% less
displacement. Increasing or decreasing the variance associ-
ated with the two-dimensional dispersal function resulted
in greater or lesser amounts of gene flow, respectively. Dis-
persal distance and direction was determined by sampling
from the multivariate normal distribution. Individuals were
determined to have dispersed to an area within a patch or a
habitat corridor using a modified ray-casting algorithm
(Yang and Stern 2013). Individuals that dispersed outside
of a patch or corridor (i.e., landed in the matrix) were
eliminated from further analysis. If there were more surviv-
ing individuals in the patches than dictated by the species
carrying capacity, then individuals were randomly removed
until the set carrying capacity was obtained. Similarly, if
there were more individuals present in the corridors than
allowed by the density–area relationship, then individuals
were randomly removed until carrying capacity was
obtained. Note that variance in reproductive success
occurred naturally in this model because of the variable
dispersal and survival outcomes. The process of reproduc-
tion, dispersal, matrix-associated mortality, and carrying-
capacity-associated mortality was repeated for 70 genera-
tions. At these ecologically relevant timescales, the effect of
even high mutation rates (e.g., 105) was undetectable.
From a management perspective, the short time frame
means that the sampling of pre-existing variation, not the
introduction of new mutations, is the relevant dynamic for
measuring the consequences of corridors on genetic diver-
sity and differentiation.
After a single model run completed, all individuals
within each patch were sampled. Genetic diversity was cal-
culated as the number of unique multilocus genotypes
across all patches. Because we used 50 bi-allelic diploid loci,
the maximum number of unique multilocus genotypes
equaled 350, but the actual number at the start of a run was
dictated by sample sizes (i.e., the realized number of unique
multilocus genotypes could not be greater than the sample
size). Genetic differentiation was calculated using an unbi-
ased estimator for FST (Wier and Cockerham 1984). We
also implemented two basic model types: one where the
total area of the patches was held constant, but the area of
the corridors was allowed to vary freely and one where the
total area of the patches and corridors was held constant
such that any increases in corridor area resulted in a
decrease in patch area (and vice versa). All model iterations
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were implemented in R 3.0.2 with the mnormt, plotrix, and
hierfstat packages (Goudet 2005; Lemon 2006; Genz and
Azzalini 2013; R core team 2014).
Corridor design
We first tested the effect of corridor design on the genetic
responses of the four species groups by varying corridor
width and length. Both corridor width and length were
measured in ‘patch lengths’, which represents the length of
one side of the square patches (Fig. 1A). This unitless
property of the model is desirable because the results can
be scaled to any distance metrics making the results gener-
alizable to a large number of ecological communities and
management scenarios (e.g., urban versus agricultural land-
scapes). Corridor width was varied from 0.1 to 0.9 in incre-
ments of 0.2. Corridor length was varied from 1.0 to 6.0 in
increments of 0.5. No mortality was initially imposed in
the corridors, such that the density of individuals per unit
area of the corridors was equal to that of the patches. We
ran 30 replicates for each of the 220 combinations of corri-
dor length, corridor width, and species group. For mea-
sures of genetic diversity, we fit a full linear model with all
interactions. We fit the linear model to the mean value of
the 30 replicates to avoid challenges associated with fitting
statistical models to simulated data (White et al. 2014). For
measures of genetic differentiation, we fit a thin-plate
spline surface to generate contour plots. For fixed corridor
lengths, we also examined the effect of corridor width on
effective population size. Effective population size was cal-
culated using a linkage disequilibrium method (Do et al.
2014), although qualitative results did not change with the
alternative single-sample methods implemented in the pro-
gram.
Corridor quality
Because empirical studies have found that corridors can
vary in quality (Haddad and Tewksbury 2005; Lees and
Peres 2008), we next varied the quality of the corridors by
imposing higher rates of mortality in the corridors than in
the patches. After the dispersal and carrying-capacity steps,
we identified all individuals that had dispersed into a corri-
dor and increased mortality by randomly removing 25%,
50%, 75%, 90%, and 100% of the individuals. We next cal-
culated the change in genetic differentiation and genetic
diversity that occurred due to this mortality. This change
was measured relative to the model without increased cor-
ridor mortality and visualized with heat maps (Warnes
et al. 2014). Population sizes in the patches were unaffected
as were any individuals that were able to disperse between
two patches within a single generation (e.g., at short corri-
dor lengths). Similar to the scenarios without increased
corridor mortality, we ran 30 iterations for each combina-
tion of corridor width, corridor length, species group, and
percent mortality.
Species interactions
Species interactions were modeled as positive, negative, or
neutral (i.e., no effect). To model positive species interac-
tions, we increased population size by 20%, increased the
absolute value of the mean of the dispersal kernel by 20%,
and reduced corridor mortality by 20% for the focal species
(For examples see Tilman and Kareiva 1997; McPeek and
Peckarsky 1998; Fagan et al. 1999; Boulangeat et al. 2012;
Ruokolainen and Ripa 2012; Urban et al. 2013). To model
negative species interactions, we decreased population size
by 20%, decreased the absolute value of the mean of the
dispersal kernel by 20%, and increased corridor mortality
by 20%. Neutral interactions were simulated with the basic
model without corridor mortality (described above).
Model sensitivity
We examined the effect of corridor configuration by
arranging the patches in a linear fashion such that the two
middle patches were connected by two corridors and the
two end patches were only connected by one corridor. In
this scenario, the population density of each patch had to
be independently regulated to prevent extinction in the two
end patches. In the preceding scenarios, where each patch
was connected by two corridors, the patches could be regu-
lated at the patch or meta-patch (i.e., all patches) level and
no differences in extinction–recolonization rates or genetic
response variables were observed. We also measured the
effect of fecundity by varying the number of propagules
produced by each individual (n = 1, 2, 10, 50), and we var-
ied population sizes (n = 100, 2000, 5000) and dispersal
distances (and dispersal kernel shapes) beyond the four
‘species groups’ to establish that the results remained quali-
tatively identical. We also examined the effect of running
the model for 50, 75, and 100 generations. Modifying all of
these parameters (i.e., corridor configuration, number of
propagules, population sizes, dispersal parameters, and
number of generations) resulted in quantitative but not
qualitative changes to the presented analyses.
Results
For all four species groups, genetic diversity of populations
occupying a habitat patch increased as the corridor area
connecting patches increased (Fig. 2A; R2 = 0.59,
P < 0.001). The mostly linear relationship illustrates that
corridor length and width contribute proportionately to
genetic diversity within patches (Fig. S1). Across species,
© 2015 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 8 (2015) 454–463 457
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population size had a substantial effect on genetic diversity
(R2 = 0.34, P < 0.001), but dispersal distance did not
(R2 = 0.002, P = 0.882), for the given geographic scales
examined. The effect of population size on genetic diversity
was greater at large corridor areas than at small corridor
areas (i.e., there was a significant interaction between corri-
dor area and population size; P < 0.001).
In contrast to genetic diversity, corridor length and
width did not contribute proportionately to the accumula-
tion of genetic differentiation between individuals occupy-
ing patches (Figs 2B and S2). Regardless of corridor length,
increased corridor width resulted in lower amounts of
genetic differentiation among patches. Furthermore, when
corridors are not wide relative to the dimensions of the
(A) (B)
Figure 2 Effect of corridor length and corridor width on genetic diversity (Panel A) and genetic differentiation (Panel B). Genetic diversity in the
patches increased linearly with increases in corridor area for all species groups (Panel A). Here, corridor area was measured in square kilometers, but
the dimensionless design of the model means that these results can scale to any system (see Materials and methods). Notice that species’ population
sizes, but not dispersal abilities, are important predictors of genetic diversity and that this effect is amplified at increased corridor areas. Genetic dif-
ferentiation does not increase linearly with corridor area but rather depends on the specific combination of corridor length and width (Panel B). This
panel illustrates the effects for species with small population sizes and short dispersal distances and the contour lines and colors indicate values of
genetic differentiation between the patches with blue representing low FST values and red representing high FST values. The precise effects vary
between the species groups (see Fig. S2), but for all species, even modest increases in corridor width can result in large reductions in genetic differen-
tiation.
(A) (B)
Figure 3 Panel A illustrates the relationship between genetic diversity and genetic differentiation with different corridor designs. For a given corridor
width (shown as different colors), each increase along the x and y axes (line segments) corresponds to an increase in corridor length. Even small
increases in corridor width can result in substantial decreases in FST between patches with concomitant increases in genetic diversity. This general rela-
tionship is maintained even when dispersal between patches is reduced (i.e., irrespective of whether the life history characteristics of a taxon is more
similar to a salamander as opposed to a fox). This result occurs because increased corridor width results in decreased variance in reproductive success,
lower genetic drift, and higher effective population size in the patches (Panel B). Notice that the effective population size in the patches increases
even though the absolute (i.e., census) population size in a patch for each species was held constant.
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patch, even small increases in corridor width can result in a
substantial decrease in genetic differentiation. At small dis-
tances between patches, corridor length is important
because even slight increases in the length of the corridor
can result in fewer individuals dispersing between patches.
At larger corridor lengths, the effect of corridor length is
negligible because slightly shorter or longer corridors will
still not facilitate dispersal between patches over short time
periods. As expected, species with small population sizes
that dispersed short distances had greater overall levels of
genetic differentiation than did species with large popula-
tion sizes that dispersed greater distances (Fig. S3).
Regardless of the species characteristics, increased corri-
dor width resulted in substantial reductions in genetic dif-
ferentiation with concomitant increases in overall levels of
genetic diversity within patches (Figs 3A and S4). Further-
more, at small corridor widths, even short increases in cor-
ridor length can result in substantial increases in genetic
differentiation. Conversely, at larger corridor widths,
increasing the length of the corridor results in substantial
gains in genetic diversity within patches and only small
increases in genetic differentiation (Fig. 3A). The benefits
of increasing corridor width occur because, even if individ-
uals cannot disperse between patches within a single gener-
ation, a wide corridor facilitates higher absolute population
sizes in the surrounding area, encouraging the exchange of
individuals across a broader area, and reducing the variance
in reproductive success and subsequent genetic drift
(Christie et al. 2012). The joint effect of these processes is
an increase in the effective population size within each
patch (Fig. 3B), despite the census population size in each
patch being held constant.
In most cases, corridor mortality resulted in higher rates
of genetic differentiation (Fig. 4) and lower levels of genetic
diversity (Fig. S5). For the same percentage of corridor
mortality, species with smaller population sizes had larger
increases in genetic differentiation than did species with
larger population sizes (Fig. 4). Conversely, species with
larger population sizes had larger absolute reductions in
genetic diversity than did species with smaller population
sizes (Fig. S5). For species that could disperse far distances
within a single generation, the effect of corridor mortality
was trivial at short distances because individuals continued
to disperse between patches. There were also less substan-
tial changes in both genetic differentiation and genetic
diversity at narrow corridor widths. This result occurred
because patches connected with narrow corridors already
had comparatively high rates of genetic differentiation
(e.g., Fig. 2B), and the increase in mortality did not result
in a substantial decrease in the already low migration rates.
Lastly, as corridor mortality increases, the benefits associ-
(A) (B)
(D)(C)
Figure 4 A heat map illustrating the differences in genetic differentia-
tion (FST) between scenarios with high corridor mortality and those
without increased corridor mortality (Panels A-D). Species with small
population sizes experienced the largest increases in genetic differentia-
tion (A and B) when exposed to high corridor mortality. Species with
high dispersal distances were not substantially affected by corridor mor-
tality at short corridor lengths (B and D). Notice that in most cases, corri-
dor mortality resulted in an increase in genetic differentiation, which
suggests that high-quality habitat corridors (those with low mortality)
may be the most useful for mitigating the negative genetic effects of
habitat fragmentation.
(A) (B)
Figure 5 The effects of positive and negative species interactions on
genetic differentiation and diversity. Panel A illustrates that, for all spe-
cies groups, positive species interactions can reduce genetic differentia-
tion between patches, while negative species interactions can increase
genetic differentiation. Both population size and dispersal abilities asso-
ciated with the species play a role in determining the effect size. Panel B
illustrates that positive species interactions can increase genetic diversity
in the patches, while negative species interactions can decrease genetic
diversity. Genetic diversity is much more strongly influenced by a spe-
cies’ population sizes than by their dispersal characteristics.
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ated with increased corridor width decrease and the impor-
tance of corridor length increases (Figs S6 and S7). This
phenomenon occurs because as corridor mortality
increases it becomes more beneficial to disperse to suitable
patch habitat rather than to establish in the corridor itself.
Nevertheless, even patches joined by long, thin, corridors
with very high mortality (e.g., 90%) provided greater
genetic resilience to the habitat patches than environments
where corridors were entirely absent (Fig. S7).
For all species, positive species interactions (any interac-
tion with a positive effect on the focal species) resulted in
lower levels of genetic differentiation, while negative spe-
cies interactions resulted in higher levels of genetic differ-
entiation between individuals sampled in the patches
(Fig. 5A). Both population size and dispersal ability were
important for predicting the amount of genetic differenti-
ation. For all species, positive species interaction increased
the total amount of genetic diversity, while negative spe-
cies interactions decreased the total amount of genetic
diversity (Fig. 5B). The relationship between species inter-
actions and genetic diversity was almost entirely a func-
tion of population size as opposed to dispersal capability.
These results illustrate that it is necessary to account for
species interactions when designing corridors and that
accounting for dispersal ability is more important for
minimizing genetic differentiation than maintaining
genetic diversity.
Discussion
The results presented here demonstrate the mitigating
effects of corridors on the negative genetic effects associated
with habitat fragmentation are achieved through two
mechanisms: the exchange of individuals between patches
and the reduction in genetic drift. As a consequence,
increasing the width of corridors even by a small percent-
age can substantially reduce the amount of genetic differen-
tiation between patches while increasing the genetic
diversity within patches. These benefits partly occur
because increasing corridor width creates higher absolute
population sizes in corridor areas surrounding the patches
and facilitates the exchange of larger numbers of individu-
als between habitat patches. However, the benefits associ-
ated with increasing corridor width were also documented
in (i) models where the carrying capacity of both the
patches and the corridors were held constant regardless of
the total area and (ii) in species that could not disperse very
far distances. Thus, an additional benefit of increasing cor-
ridor width is to simply facilitate the survival of offspring
from a larger number of individuals, which serves to greatly
decrease the inflated variance in reproductive success
caused by habitat fragmentation and thus decrease the
amount of genetic drift that would otherwise occur. The
additional benefits of decreased genetic drift within habitat
patches provide additional support for the idea that habitat
corridors can be an effective conservation and management
tool. Previous theoretical work has suggested that increased
gene flow provided by corridors is beneficial (Harrison
1992; Orrock 2005), but this agent-based model demon-
strates that both increased gene flow and decreased genetic
drift afforded by corridors can synergistically mitigate the
negative genetic effects of habitat fragmentation.
The benefits associated with increased corridor width
are maximized when corridor habitat quality is high. If
corridor quality is low (i.e., mortality in the corridors is
high), then poorly dispersing species are not be able to
traverse between habitat patches to maximize gene flow or
persist in the corridors long enough to reduce the effects
of genetic drift in the patches. Thus, we recommend that
managers connect habitat patches with corridors that are
as wide as possible, but caution that if the quality of the
corridors differs substantially from the habitat patches,
then some of the potential mitigating effects of corridors
may be lost. Nevertheless, even long and narrow corridors
with low-quality habitat provided populations with
greater genetic resilience than habitat patches that lacked
corridors entirely (Fig. S7). Furthermore, there is an inter-
action between corridor design and corridor quality: pop-
ulations connected by corridors that are long and thin
respond less severely to increases in corridor mortality
because the genetic resilience has already been partly
eroded. One interesting consequence of this phenomenon
is that populations connected by wide corridors are more
resilient to increases in corridor mortality (i.e., poor-qual-
ity corridor habitat), whereas populations connected by
high-quality habitat (i.e., low corridor mortality) are more
resilient to suboptimal corridor design (e.g., long and nar-
row).
Species interactions can also play a substantial role in
shaping the genetic responses of populations to habitat cor-
ridors. Here, we show that positive species interactions can
further mitigate the negative genetic effects of habitat frag-
mentation when corridors are present, while negative
species interactions can increase genetic differentiation and
reduce genetic diversity. These results highlight the impor-
tance of designing corridors for entire communities and
not focusing efforts on single species because key ecological
principles (e.g., succession, facilitation) can translate into
substantial evolutionary consequences. From a conserva-
tion and management perspective, it will be most useful to
quantify the magnitude of species interactions that influ-
ence species dispersal, persistence, and reproduction in
habitat corridors (Berlow et al. 1999). Moreover, by
accounting for species interactions, corridors designed for
entire communities may provide greater benefits to single
targeted species.
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Animal behavior and matrix quality are two system-spe-
cific characteristics worth further consideration. Because
dispersal behavior can be multifaceted and difficult to pre-
dict, we did not include it in this genetic approach. For
some species, it is possible that behavior could facilitate
dispersal between patches, including compensatory move-
ment through low-quality habitat (Haddad and Tewksbury
2005). However, for other species, behavior may also limit
dispersal between patches (LaPoint et al. 2013). Thus, the
effects of behavior are difficult to predict and may warrant
study on a case-by-case basis (Haddad 1999). While behav-
ior may serve to increase or decrease dispersal rates
between patches, the qualitative results presented here
would remain unchanged. Likewise, all else being equal,
reduced mortality within the matrix may provide some of
the positive benefits associated with increasing corridor
width (e.g., increases in the effective population sizes of
patches), provided that individuals inhabiting the matrix
could contribute progeny back to corridors and habitat
patches (Pulliam 1988; Hanski 1994). In this way, portions
of the matrix could act as additional habitat patches for
species that could disperse easily without corridors (Rick-
etts 2001).
Local adaptation and the evolutionary implications of
genetic differentiation also warrant further consideration.
If there is strong selection specific to each habitat patch
that promotes local adaptation, then immigrants from
other patches will experience decreased survival and
reduced reproductive success (Peterson et al. 2014; Somer-
vuo et al. 2014). Thus, even though dispersal between
patches may be nontrivial on ecological timescales, the
subsequent transfer of genes may be reduced and accom-
panied by increased variance in reproductive success. The
effect of this process in a patch–corridor framework
depends on the strength of selection in each habitat patch,
and whether local adaption occurs continuously along a
gradient (e.g., along a corridor) or discretely within each
patch. In general, where local adaption is prevalent,
genetic differentiation will be higher between the patches
(due to reduced gene flow) and the effect on genetic
diversity will depend on the response to selection (Desai
et al. 2013). Furthermore, the demographic characteristics
of the species (e.g., extinction–recolonization patterns)
and the rate of disturbance to the patches can affect the
adaptation of populations in patch–corridor systems (Or-
rock 2005). In this study, we show that corridors can
retain genetic diversity and decrease genetic differentia-
tion. It is widely recognized that increased genetic diver-
sity will aid the conservation of populations, but the
benefits of maintaining reduced genetic differentiation are
debatable (Frankham 2008). However, because we show
that genetic differentiation and genetic diversity respond
differently to corridors (e.g., Figs 2 and 3A), thus convey-
ing different information about evolutionary processes, we
suggest that both genetic differentiation and genetic diver-
sity are useful response variables for monitoring the effects
of genetic drift, gene flow, and selection (Allendorf et al.
2013; Hoban et al. 2014).
This is the first study to demonstrate that corridors can
reduce the negative genetic effects associated with habitat
fragmentation for a wide range of species and taxa with
intrinsically different population sizes and dispersal abili-
ties. Our agent-based model is the first to demonstrate that
corridors can both reduce genetic drift within and increase
gene flow between subdivided populations. We further
show that understanding species interactions is vital to pre-
dicting evolutionary responses to habitat fragmentation.
Minimizing the negative genetic effects of habitat fragmen-
tation will better serve populations of any species to
respond to changing environmental conditions. From a
management perspective, the benefits provided by
increased genetic resilience will have to be carefully
weighed against any potential negative ecological effects of
corridors (Haddad et al. 2014; Resasco et al. 2014). Under-
standing that corridors can reduce the negative genetic
effects of habitat fragmentation for entire communities has
important conservation and management implications:
determining how to best apply these principals in practice
will be the next big conservation challenge.
Acknowledgements
We thank C. Searle, R. Massatti, A. Thomas, J.P. Huang, L.
Tran, A. Papadopoulou, and Q. He for insightful com-
ments and discussions on this manuscript. We also thank
the editor and anonymous reviewers for their constructive
feedback that greatly improved this manuscript. L. Knowles
was funded, in part, by NSF Grant DEB11-45989.
Data archiving statement
Data available from the Dryad Digital Repository: http://
dx.doi.org/10.5061/dryad.88 h07
Literature cited
Aguilar, R., M. Quesada, L. Ashworth, Y. Herrerias-Diego, and J. Lobo
2008. Genetic consequences of habitat fragmentation in plant popula-
tions: susceptible signals in plant traits and methodological
approaches. Molecular Ecology 17:5177–5188.
Allendorf, F. W., G. Luikart, and S. N. Aitken 2013. Conservation and
the Genetics of Populations, 2nd edn. Blackwell Publishing, Malden,
MA.
Alo, D., and T. F. Turner 2005. Effects of habitat fragmentation on effec-
tive population size in the endangered Rio Grande silvery minnow.
Conservation Biology 19:1138–1148.
© 2015 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 8 (2015) 454–463 461
Christie and Knowles Habitat corridors facilitate genetic resilience
Andreassen, H. P., S. Halle, and R. A. Ims 1996. Optimal width of move-
ment corridors for root voles: not too narrow and not too wide. Jour-
nal of Applied Ecology 33:63–70.
Barnosky, A. D., E. A. Hadly, J. Bascompte, E. L. Berlow, J. H. Brown,
M. Fortelius, W. M. Getz et al. 2012. Approaching a state shift in
Earth’s biosphere. Nature 486:52–58.
Beier, P., and A. J. Gregory 2012. Desperately seeking stable 50-year-old
landscapes with patches and long, wide corridors. PLoS Biology 10:
e1001253.
Beier, P., and R. F. Noss 1998. Do habitat corridors provide connectiv-
ity? Conservation Biology 12:1241–1252.
Berlow, E. L., S. A. Navarrete, C. J. Briggs, M. E. Power, and B. A. Menge
1999. Quantifying variation in the strengths of species interactions.
Ecology 80:2206–2224.
Boulangeat, I., D. Gravel, and W. Thuiller 2012. Accounting for dispersal
and biotic interactions to disentangle the drivers of species distribu-
tions and their abundances. Ecology Letters 15:584–593.
Brudvig, L. A., E. I. Damschen, J. J. Tewksbury, N. M. Haddad,
and D. J. Levey 2009. Landscape connectivity promotes plant bio-
diversity spillover into non-target habitats. Proceedings of the
National Academy of Sciences of the United States of America
106:9328–9332.
Christie, M. R., M. L. Marine, R. A. French, R. S. Waples, and M.
S. Blouin 2012. Effective size of a wild salmonid population is
greatly reduced by hatchery supplementation. Heredity 109:254–
260.
Damschen, E. I., L. A. Brudvig, N. M. Haddad, D. J. Levey, J. L. Orrock,
and J. J. Tewksbury 2008. The movement ecology and dynamics of
plant communities in fragmented landscapes. Proceedings of the
National Academy of Sciences of the United States of America
105:19078–19083.
Desai, M. M., A. M. Walczak, and D. S. Fisher. 2013. Genetic diversity
and the structure of 473 genealogies in rapidly adapting populations.
Genetics 193:565–585.
Do, C., R. S. Waples, D. Peel, G. M. Macbeth, B. J. Tillett, and J. R. O-
venden 2014. NEESTIMATOR v2: re-implementation of software for
the estimation of contemporary effective population size (N-e) from
genetic data. Molecular Ecology Resources 14:209–214.
Doi, H., M. Takahashi, and I. Katano 2010. Genetic diversity increases
regional variation in phenological dates in response to climate change.
Global Change Biology 16:373–379.
Fagan, W. F., R. S. Cantrell, and C. Cosner 1999. How habitat
edges change species interactions. The American Naturalist
153:165–182.
Foley, J. A., N. Ramankutty, K. A. Brauman, E. S. Cassidy, J. S. Gerber,
M. Johnston, N. D. Mueller et al. 2011. Solutions for a cultivated pla-
net. Nature 478:337–342.
Frankham, R. 2008. Genetic adaptation to captivity in species conserva-
tion programs. Molecular Ecology 17:325–333.
Frankham, R., J. D. Ballou, and D. A. Briscoe. 2002. Introduction to
Conservation Genetics, Introduction to Conservation Genetics. Cam-
bridge University Press, Cambridge, New York.
Genz, A., and A. Azzalini. 2013. mnormt: The multivariate normal and t
distributions. R package version 1.4-7.
Gilbert-Norton, L., R. Wilson, J. R. Stevens, and K. H. Beard 2010. A
meta-analytic review of corridor effectiveness. Conservation Biology
24:660–668.
Goudet, J. 2005. HIERFSTAT, a package for R to compute and test hier-
archical F-statistics. Molecular Ecology Notes 5:184–186.
Gregory, A. J., and P. Beier 2014. Response variables for evaluation of
the effectiveness of conservation corridors. Conservation Biology
28:689–695.
Haberl, H., K. H. Erb, F. Krausmann, V. Gaube, A. Bondeau, C. Plutzar,
S. Gingrich et al. 2007. Quantifying and mapping the human appro-
priation of net primary production in earth’s terrestrial ecosystems.
Proceedings of the National Academy of Sciences of the United States
of America 104:12942–12945.
Haddad, N. M. 1999. Corridor use predicted from behaviors at habitat
boundaries. American Naturalist 153:215–227.
Haddad, N. M., and J. J. Tewksbury 2005. Low-quality habitat corridors
as movement conduits for two butterfly species. Ecological Applica-
tions 15:250–257.
Haddad, N. M., D. R. Bowne, A. Cunningham, B. J. Danielson, D. J. Le-
vey, S. Sargent, and T. Spira 2003. Corridor use by diverse taxa. Ecol-
ogy 84:609–615.
Haddad, N. M., L. A. Brudvig, E. I. Damschen, D. M. Evans, B. L. John-
son, D. J. Levey, J. L. Orrock et al. 2014. Potential negative ecological
effects of corridors. Conservation Biology 28:1178–1187.
Hanski, I. 1994. Patch-occupancy dynamics in fragmented landscapes.
Trends in Ecology & Evolution 9:131–135.
Hanski, I. 1999. Habitat connectivity, habitat continuity, and metapopu-
lations in dynamic landscapes. Oikos 87:209–219.
Harrison, R. L. 1992. Toward a theory of inter-refuge corridor design.
Conservation Biology 6:293–295.
Hedrick, P. W. 2005. Genetics of Populations, 3rd edn. Jones and Bart-
lett Publishers, Sudbury, MA.
Hoban, S., J. A. Arntzen, M. W. Bruford, J. A. Godoy, A. R. Hoelzel, G.
Segelbacher, C. Vila et al. 2014. Comparative evaluation of potential
indicators and temporal sampling protocols for monitoring genetic
erosion. Evolutionary Applications 7:984–998.
Hughes, W. O. H., and J. J. Boomsma 2004. Genetic diversity and disease
resistance in leaf-cutting ant societies. Evolution 58:1251–1260.
LaPoint, S., P. Gallery, M. Wikelski, and R. Kays 2013. Animal behavior,
cost-based corridor models, and real corridors. Landscape Ecology
28:1615–1630.
Lees, A. C., and C. A. Peres 2008. Conservation value of remnant ripar-
ian forest corridors of varying quality for Amazonian birds and mam-
mals. Conservation Biology 22:439–449.
Lemon, J. 2006. Plotrix: a package in the red light district of R. R-News
6:8–12.
Lindenmayer, D. B., and H. A. Nix 1993. Ecological principles for the
design of wildlife corridors. Conservation Biology 7:627–630.
Mann, C. C., and M. L. Plummer 1995. Are wildlife corridors the right
path. Science 270:1428–1430.
Martins, A. B., M. A. M. de Aguiar, and Y. Bar-Yam 2013. Evolution and
stability of ring species. Proceedings of the National Academy of Sci-
ences of the United States of America 110:5080–5084.
McPeek, M. A., and B. L. Peckarsky 1998. Life histories and the strengths
of species interactions: combining mortality, growth, and fecundity
effects. Ecology 79:867–879.
Mech, S. G., and J. G. Hallett 2001. Evaluating the effectiveness of corri-
dors: a genetic approach. Conservation Biology 15:467–474.
Mendez, M., M. Vogeli, J. L. Tella, and J. A. Godoy 2014. Joint effects of
population size and isolation on genetic erosion in fragmented popu-
lations: finding fragmentation thresholds for management. Evolution-
ary Applications 7:506–518.
Orrock, J. L. 2005. Conservation corridors affect the fixation of novel
alleles. Conservation Genetics 6:623–630.
462 © 2015 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 8 (2015) 454–463
Habitat corridors facilitate genetic resilience Christie and Knowles
Pauls, S. U., C. Nowak, M. Balint, and M. Pfenninger 2013. The impact
of global climate change on genetic diversity within populations and
species. Molecular Ecology 22:925–946.
Peterson, D. A., R. Hilborn, and L. Hauser 2014. Local adaptation limits
lifetime reproductive success of dispersers in a wild salmon metapop-
ulation. Nature Communications 5:1–7.
Pulliam, H. R. 1988. Sources, sinks, and population regulation. Ameri-
can Naturalist 132:652–661.
R core team. 2014. R: A Language and Environment for Statistical Com-
puting. R Foundation for Statistical Computing, Vienna. http://
www.R-project.org/.
Resasco, J., N. M. Haddad, J. L. Orrock, D. Shoemaker, T. A. Brudvig, E.
I. Damschen, J. J. Tewksbury et al. 2014. Landscape corridors can
increase invasion by an exotic species and reduce diversity of native
species. Ecology 95:2033–2039.
Ricketts, T. H. 2001. The matrix matters: effective isolation in frag-
mented landscapes. American Naturalist 158:87–99.
Ruokolainen, L., and J. Ripa 2012. The strength of species interactions
modifies population responses to environmental variation in competi-
tive communities. Journal of Theoretical Biology 310:199–205.
Sharma, S., T. Dutta, J. E. Maldonado, T. C. Wood, H. S. Panwar, and J.
Seidensticker 2013. Forest corridors maintain historical gene flow in a
tiger metapopulation in the highlands of central India. Proceedings of
the Royal Society B-Biological Sciences 280.
Somervuo, P., J. Kvist, S. Ikonen, P. Auvinen, L. Paulin, P. Koskinen, L.
Holm et al. 2014. Transcriptome analysis reveals signature of adapta-
tion to landscape fragmentation. PLoS One 9:e101467.
Spielman, D., B. W. Brook, D. A. Briscoe, and R. Frankham 2004. Does
inbreeding and loss of genetic diversity decrease disease resistance?
Conservation Genetics 5:439–448.
Stockwell, C. A., A. P. Hendry, and M. T. Kinnison 2003. Contemporary
evolution meets conservation biology. Trends in Ecology & Evolution
18:94–101.
Tewksbury, J. J., D. J. Levey, N. M. Haddad, S. Sargent, J. L. Orrock, A.
Weldon, B. J. Danielson et al. 2002. Corridors affect plants, animals,
and their interactions in fragmented landscapes. Proceedings of the
National Academy of Sciences of the United States of America
99:12923–12926.
Tilman, D., and P. M. Kareiva. 1997. Spatial Ecology: The Role of Space
in Population Dynamics and Interspecific Interactions, Vol. 30.
Princeton University Press, Princeton, NJ.
Urban, M. C., P. L. Zarnetske, and D. K. Skelly 2013. Moving forward:
dispersal and species interactions determine biotic responses to cli-
mate change. Climate Change and Species Interactions: Ways Forward
1297:44–60.
Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M. Melillo 1997.
Human domination of Earth’s ecosystems. Science 277:494–499.
Waples, R. S. 1998. Separating the wheat from the chaff: patterns of
genetic differentiation in high gene flow species. Journal of Heredity
89:438–450.
Warnes, G. R., B. Bolker, L. Bonebakker, R. Gentleman, W. Huber, A.
Liaw, T. Lumley et al. 2014. gplots: Various R programming tools for
plotting data. R package version 2.13.0. http://CRAN.R-project.org/
package=gplots.
White, J. W., A. Rassweiler, J. F. Samhouri, A. C. Stier, and C. White
2014. Ecologists should not use statistical significance tests to interpret
simulation model results. Oikos 123:385–388.
Wier, B. S., and C. C. Cockerham 1984. Estimating F statistics for the
analysis of population structure. Evolution 38:1358–1370.
Yang, J. M., and F. Stern 2013. Robust and efficient setup procedure for
complex triangulations in immersed boundary simulations. Journal of
Fluids Engineering 135:101107-1–101107-11.
Supporting Information
Additional Supporting Information may be found in the online version
of this article:
Figure S1. Response of genetic diversity in the patches to corridor
length (x-axis) and corridor width (colored circles) for each of the four
species groups.
Figure S2. Response of genetic differentiation (calculated from indi-
viduals sampled within the patches) to corridor length (x-axis) and cor-
ridor width (colored circles) for each of the four species groups.
Figure S3. Average genetic differentiation for each species group
across all tested corridor designs.
Figure S4. The relationship between genetic diversity and genetic dif-
ferentiation for different corridor configurations.
Figure S5. A heat map illustrating the difference in genetic diversity
between scenarios without increased corridor mortality and those with
high (90%) corridor mortality.
Figure S6. Response of genetic differentiation to corridor length (x-
axis) and corridor width (colored circles) for each of the four species
groups after corridor mortality was increased to 90%.
Figure S7. Response of genetic differentiation (FST ; panels A & B )
and genetic diversity (Number of unique genotypes; panels C & D) to
increasing corridor mortality.
© 2015 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 8 (2015) 454–463 463
Christie and Knowles Habitat corridors facilitate genetic resilience
